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INTRODUCTION

The upward trend in weapon systems costs in the recent past has led
to increased emphasis being placed on low cost. It has become apparent
that low cost should have as much emphasis as high performance. The
basic rationale behind the "Design to Cost' philosophy is that there is
a trade between cost and performance which must be considered during the
early concept stages of a system development.

The study outlined in this report has been based on the premise
that such a trade exists and must be considered if low cost production
hardware is the goal.

Volume 1 of this report covers the development of missile perform-
ance and cost sensitivities to inlet design and fabrication parameters,
trade studies, and selection of a preferred formed and welded titanium
sheet metal design.

Volume 2 covers the development of fabrication methods for low
cost production of inlets. One inlet was fabricated using materials and
methods anticipated for production hardware, resulting in an inlet with
internal features identical to the production design. In addition, a
set of two inlets were built for use during freejet testing of the MRE
propulsion system, These inlets were made of heavy plate steel and
incorporated the close tolerances, smooth finishes and sharp corners
typical of wind tunnel test inlets.
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SUMMARY

Two close tolerance inlets were fabricated for use by NWC in free-
jet testing of the MRE propulsicn system. These inlets were made of
heavy plate steel and incorporated the close tolerances, mirror finishes,
razor sharp leading edges, and square corners typical of the earlier
subscale models used for development of the inlet configuration. Figure
1 shows an overall view of these two inlets.

One inlet was built using materials and methods anticipated for the
large scale production of flight weight inlets. Methods were developed
for forming of the 5.1 mm (0.20 in.) thick titanium sheet metal to the
required contours, welding of various formed sections to make up the
basic inlet and finishing of leading edges and interface areas. This
effort resulted in the hardware shown in Figure 2 which has internal ]
features identical to the production design. :

The results of this developmental effort were used to reevaluate
the costs and weight of the production design. Several design changes
were also recommended. Average production cost of the inlets was
estimated to be $3,390 per set, in mid 1974 dollars, based on a produc-
tion quantity of 1000 sets. This figure compares favorably with the
previous estimate of $4,985 per set which was developed in phase I of
this study for trade study purposes.

The weight of the production inlet was reestimated at 47.2 kg
(104 1b.) compared to the previous estimate of 48.6 kg (107 1b.) used
in the Phase I trade study.
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Figure 1: COMPLETED "CLOSE TOLERANCE" INLET HARDWARE.

Figure 2: COMPLETED TITANIUM DUCT PORTION
OF "PRODUCTION SIMULATION" INLET,
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FABRICATION OF CLOSE TOLERANCE
INLETS FOR FRERJET TEST

A set of inlets was fabricated for use by NWC/UTC in freejet
testing of the MRE combustor. These inlets were built to Boeing draw-
ing 180-54088. The inlets were built of 12.7 mm (1/2 in.) and 15.9 mm
(5/8 in.) thick stainless steel plates bolted together at the corners of
the duct. Close tolerances, smooth {inishes, sharp leading edges and
square corners were required on these inlets,

CLOSE TOiERANCE INLET DESIGN

The design of the close tolerance inlets was modified priour to
fabrication in order to accommodate changes in design requirements.
Changes were made to the forward fitting, cowl lip, and diverter.

The forward attachment fitting was strengthened to withstand the
increased tunnel unstart loads Figure 3 shows the
envelop of possible vertical loads applied to each inlet in the event
of tunnel unstart. These loads are defined as being rapidly applied
and, thus, require use of a dynamic magnification factor of 2 for pur-
poses of structural analysis. The resulting revised inlet interface
loads are shown in Figure 4.

The internal detail of the cowl lip was modified to match the
detail of the subscale wind tunnel models. Also, the diverter was changed
to a fixed rather than an adjustable height design upon receipt of a firm
decision on diverter height from NWC. Other detail changes were made as
the fabrication proceeded in order to accommodate vendor fabrication
capabilities.

FABRICATION METHODS

The close tolerance inlets were fabricated by Huntley Machine &
Tool Co., Seattle, Washington, under subcontract to Boeing. Standard
shop practices were used with the exception that the 12.7 mm (1/2 in.)
thick stainless steel duct wall plates were rough formed by 'chipping"
on a brake press and then hand ground to final contour. Several views
of the completed inlets are shown in Figures 5, 6 and 7. Excellent
workmanship by the subcontractor resulted in smooth internal surface
finishes throughout the inlet and all critical dimensions were within
tolerances. Critical dimensions on the two inlets are summarized in
Table 1.

Figure 8 shows the FMS probe and splitter installed in the inlet
throat., The 15.9 mm (5/8 in.) diameter boss at the top of the splitter
can be seen protruding into the airstream approximately 2.03 mm
(0.08 in.). The splitter was designed and fabricated by UTC and
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provided as GFE to Boeing for installation in the inlet. Detailed
inspection of the splitter and review of the UTC drawing indicated this
boss protrusion was within design tolerances. Boeing considered the pro-
trusion into the airstream to be an undesirable condition. The inlets
were shipped with the splitters installed and special note made of this
condition,

"As Built'" Drawings

"As built" drawings of the close tolerance inlets were prepared
and are shown in Figure 9.
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Figure 6: RAMP CONTOUR ON "CLOSE TOLERANCE" INLET.




NWC TP 5705

VOLUME 2

Figure 7 : FRONT END VIEW OF "CLOSE TOLERANCE" INLET.

Figure 8 : FMS PROBE AND SPLITTER INSTALLATION IN
"CLOSE TOLERANCE" INLET.




NWC TP 5705

VOLUME 2

Table 1 : CRITICAL DIMENSIONS ON "CLOSE TOLERANCE" INLETS.

CRITICAL
DIMENSION

DRAWING
REQ'MT

ACTUAL
LEFTHAND

INLET

ACTUAL
RIGHTHAND

INLET

iEh—p - e

<

S

el . i . T o b I AT T ke

WIDTH AT TIP
WIDTH AT THROAT
CAPTURE HEIGHT
RAMP ROUGHNESS
THROAT ROUGHNESS
DIFFUSER ROUGHNESS
BLEED VENTURI

INTERNAL CONTOUR
RAMP & COWL

PROBE STRUT
ALIGNMENT TO §

TOTAL LENGTH

8.331.025
6.334.025

6.331.02

£.015

0.5 DEGREES
64.88+.10

8.355

6.335

6.328

LESS THAN @'

'L€SS THAN W

.638 - .620

1.015

10.25 DEGREES

64.82

8.355
6.330

5.310

LESS THAN Q;T

LESS THAN Qy' LESS THAN Qy

LESS THAN W’

.627 - 620

X.015

10.25 DEGREES
64.83
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FABRICATION OF "PRODUCTION SIMULATION" INLET

One left hand "production simulation" design inlet was fabricated
in the Boeing shops. The objective of this <ffort was to develop and
demonstrate production processes for fabrication of the basic duct por-
tion of the inlet, and to complete the inlet to the extent necessary
for demonstration of internal performance in a wind tunnel test. The
inlet duct internal features and materials are identical to those sel-
ected for the "production" design. Duct material was 5.1 mm (0.2 in)
thick 6A1-4V titanium sheet metal with "as formed" surface finishes.

"PRODUCTION SIMULATION'" INLET DESIGN

The design of the "production simulation” inlet per Boeing drawing
1B0-54087 was modified early in the Phase II effort in order to accommo-
date changes in design requirements. Specifically the requirement for
freejet test was changed to wind tunnel test with attachment interfaces
to be determined at a later date. The revised inlet design is shown in
Figure 10. The design of the aft interface area was modified to a
''blank" configuration and the diverter and forward fitting were deleted.
In addition, the aft fairing was deleted and the forward fairing was
changed to 4.57 mm (0.18 in) thick aluminum sheet metal.

The design of the basic duct portion was not changed except to re-
locate the longitudinal welds from the top and bottom duct walls to the
side walls, This was done in order to make the formed parts easier to
produce and simplify the welding.

Additional design changes were made during fabrication and are dis-
cussed in the following paragraphs.

DEVELOPMENT OF FABRICATION METHODS

The fabrication was broken down into the four basic steps outlined
in Figure 11. Step number 1 is trimming of 5.1 mm (0.20 in) thick 6Al-
4V titanium sheet metal., Three sheets were required -- one each for the
upper and lower halves of the duct and one for the pre-compression shroud.
Step 2 is preforming the flat sheets into channel shapes. Step 3 is
forming of the longitudinal contour of the three pieces. Step 4 is trim-
ming and welding of the three pieces into the basic subassembly. Addi-
tional steps were required to finish machine the leading edge, bleed slot,
and aft end details, and to add the bleed flare plates and bleed plenum
to complete the inlet assembly,

The operation of preforming the flat sheets into a channel shape
was accomplished by heating the coated titanium sheets to approximately
760°C (1400°F) and forming them over cold steel dies. The dies are
shown in Figure 12. The formed metal was manually removed from the dies

13
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CONTOWR FORMING

TRIM AND WELD
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Figure 11 : BASIC FABRICATION STEPS -"PRODUCTION SIMULATION®
INLET.
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Figure 13: REMOVAL OF PREFORMED PART FROM DIES.
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as shown in Figure 13. Figures 14 and 15 show the completed preforms of
the three portions of the duct. The holes near the ends of the part
were used to prevent slippage and misalignment of the metal during form
ing.

The longitudinal contour of each of the three pieces was formed in
two stages. The first stage was similar to the preform operation using
cold dies to form the part to approximate contour. The second stage
used heated dies with both vertical and lateral pressure applied and
with the part held under temperature and load for approximately 1/2 hour
in order to allow creep of the metal to final contour. Figure 16 shows .
the precompression shroud after the first stage of the contour forming.
Some compression buckling of the flange can be seen in the severely
formed area of the part., The application of lateral pressure in the
second stage removed these buckles and resulted in a part well within
the + 0.5 mm (+ 0.02 in.) contour tolerance and 0.005 mm/mm (0.005 in/
in.) waviness tolerance originally required. Figures 17 and 18 show the
upper half of the duct and the second stage contour dies. Figure 19
shows the part and dies in the hot sizing furnace and Figure 20 shows
the completed part.

The subassembly of the two duct halves was done with a two pass ex-
ternal TIG weld. Preliminary tests were conducted on flat sheet metal
specimens to develop the details of the weld preparation and welding
procedure., Results of these preliminary tests showed a transverse weld
shrinkage of approximately 0.5 mm (0.020 in.) was to be expected with
weld underbead contour within + 0,25 mm (+ 0.010 in.) of the base metal
surface. Figure 21 shows the weld machine and Figure 22 is a view of
the completed weld at the aft end of the duct.

The precompression shroud was welded to the duct portion using man-
ual TIG welds and a weld fixture as shown in Figure 23. Three weld
passes were used on this weld -- two external and one internal. The in-
ternal bead was then ground off to produce a smooth internal contour
throughout the cowl lip and throat areas. The weld beads were left "as
welded" in the subsonic diffuser portion of the inlet.

Final matching of the inlet details was accomplished using standard
procedures for titanium machining with some hand grinding and filing in
corner areas to avoid costly tooling. The design of the bleed slot area
was modified slightly to add a removable 1.27 mm (0.050 in.) thick spacer
at the aft edge of the slot. This feature will allow rapid modification
of the bleed area during wind tunnel testing. This spacer plate can be |
seen in Figure 24 along with the FMS probe and splitter. The small holes '
in the sidewalls were tapped for attachment of the bleed plenum. These
holes will be filled flush with the surface prior to wind tunnel testing.
Figure 25 shows the detail of the leading edges on the cowl and precom-
pression shroud. The curved intersection area of the cowl lip and shroud
leading edge was found to be costly and difficult to machine, A modifi-
cation of the design in this area should be considered in future designs.

19
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Figure 14 : PREFORMS FOR UPPER AND LOWER DUCT HALVES.

Figure 15 : PREFORM FOR PRECOMPRESSION SHRO UD.

Figure 16: PRECOMPRESSION SHROUD AFTER FIRST STAGE
OF CONTOUR FORMING.
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Figure 18: UPPER DUCT HALF LOADED INTO SECOND STAGE
CONTOUR DIES.
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Figure 19 : UPPER DUCT HALF AND SECOND STAGE DIES
IN HOT SIZING FURNACE.

Figure 20: UPPER DUCT HALF AFTER SECOND STAGE CONTOUR FORMING.
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Figure 22 : COMPLETED WELD AT AFT END OF DUCT.
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Figure 23: INLET WELDMENT SHOWING LONGITUDINAL WELD OF DUCT
HALVES AND VERTICAL WELD OF PRECOMPRESSION SHROUD.

Figure 24: COMPLETED PART SHOWING COWL LIP, SPLITTER,
AND BLEED SLOT DETAILS.

Figure 25: COMPLETED PART SHOWING LEADING EDGE DETAILS.

24
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Figure 26 is an overall view of the completed titanium portion o1
the inlet. An aluminum bleed plenum was also constructed and added to
complete the assembly. The aluminum plenum is for wind tunnel testing
only and does not simulate production hardware except in terms of rough
shape, location and flow exit venturi detail as shown in Figure 10.

The results of a detailed dimensional inspection of the completed
inlet are shown in Figure 27. These results show that overall both duct
height and width dimensions are within original tolerances, except for
minor deviations.

Figure 28 shows the comparison of actual duct area with original
requirements. The area variations are within original tolerances except
at Station 95 where the area is 0.03% too large and at the exit (Station
124.88) where it is 0.647 too large. These minor deviations will have
no measurable effect on either mass flow or pressure recovery of the in-
let,

It should be noted that the dimensional variations of this part com-
pared to the original nominal dimensions could be reduced by additional
development efforts on the contours of the hot dies. The part to part
variations to be expected on production parts is less than + 0.76 mm
(+ 0.03 in.) on all "as formed and welded" dimensions and + 0.25 mm (+
0.01 in.) on all machined dimensions.

Figure 29 and Table 2 show additional results of the detailed in-
spection, The capture area dimensions shown in Figure 29 are all within
tolerance except for the width of the cowl lip. The capture area compu-
ted from these dimensions is well within the original required tolerances.

As shown in Table 2, the details of the bleed slot, bleed venturi,
leading edge radii, ramp contours, wall waviness and splitter installa-
tion are all satisfactory. There was no requirement originally stated
for internal surface roughness since the intent was to use the part in
the "as formed" condition. The measured roughness values vary from 0.5
micron (20 microinches) to 2.8 microns (110 microinches) with the higher
values only in local small areas in the subsonic diffuser. Roughnesses
measured in the supersonic areas do not exceed 1.7 microns (65 microin-
ches). The original requirement for smoothness of the weld beads - 0.8
micron (32 microinches) in the throat area was found to be very diffi-
cult and costly to achieve due to restricted access. The 1.3 micron
(50 microinches) value actually attained is more representative of an
optimum roughness for production hardware. The weld beads were left in
the "as welded" condition aft of Station 98 for the same reason. The
small protrusions and depressions of the longitudinal welds should have
no measurable effect on the subsonic flow in this portion of the duct.
Hand filing of the leading edges was found to be required to achieve the
0.13 mm (0.005 in.) radius requirement. Prior to hand filing, the edges 9
varied from razor sharp to a 0.5 mm (0.02 in.) wide flat at the tip.
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Figure 26 : COMPLETED TITANIUM DUCT PORTION OF
"PRODUCTION SIMULATION" INLET.
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! ORIGINAL REQUIREMENTS
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Figure 27: "AS BUILT" DUCT DIMENSIONS COMPARED TO ORIGINAL REQUIREMENTS,
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Figure 28: "AS BUILT" DUCT AREA COMPARED TO ORIGINAL
REQUIREMENTS,
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K N r=0.38(3-43) “Tve.

2
CAPTURE AREA = 46,426 IN.
»

| |
6.355 \'
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* NUMBERS IN PARENTHESES ARE ORIGINAL REQUIREMENT
DIMENSIONS, NUMBERS NOT IN PARENTHESES ARE
"AS BUILT" DIMENSIONS,

COMPARISON OF "AS BUILT" CAPTURE AREA DIMENSIONS

Figure 29 :
WITH ORIGINAL REQUIREMENTS,
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Table 2 : COMPARISON OF "AS BUILT" DETAILS
WITH ORIGINAL REQUIREMENTS.

ORIGINAL ACTUAL
ITEM REQUIREMENT “AS BUILT" COMMENIS
BLEED SLOT 0.87 MAX, 0.86 MAX, REMOVABLE
WIDTH 0.81 MIN. 0.84 MIN. SPACER ADDED
FOR TEST
3LEED. VENTURI 0.67 0.675 MAX.
HEIGHT 0.61 0.660 MIN,
1 LEADING EDGE 0.005 IN, 0.005 IN. OR HAND FILING
RADIUS MAX, EQUIVALENT MAX, OF EDGE
3 REQUIRED
1 RAMP CONTOUR +(,02 ' LESS THAN +0,02
: WALL WAVINESS +0,005 IN./INJ NIL (EXCEPT WELD
MAX. BEADS AFT OF STA 98)
FMS PROBE AND  10.8010.03PROBE|  0.78 PROBE
SPLITTER PROTRUSION PROTRUSION
+0.5° MAX. 0.5° SPLITTER
| SPLITTER MISALIGNMENT
| MISALIGNMENT
|
. INTERNAL SURFACE
ROUGHNESS
‘] (EXCEPT WELD BEADS | AS FORMED 297 TOb\/S- WITH
j AFT OF STA 98)
T T
IN SEVERAL SMALL
) LOCAL AREAS AFT OF
: STA 98
WELD BEAD 50
ROUGHNESS 32/ \/ FWD OF STA 98
} AS WELDED AFT OF
g STA 98 WITH 0.01
{ MAX, PROTRUSION, 1]
DEPRESSION AND {7
MISMATCH
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Hand filing of these edges is neither difficult nor costly as long as
local increases in the external chamfer angle up to 15 degrees can be
tolerated. This local increase will apply only to a 6.35 mm (0.25 in.)
width adjacent to the tip as discussed in Section 5.2.

AS BUILT DRAWINGS

Figure 30 shows the "as built" configuration of the 'production
simulation” inlet. The intent of this drawing is to document the
dimensions and details of the paru. in a convenient fashion for future
use.
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Figure 30 : (CONTINUED).
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REEVALUATION OF PRODUCTION DESIGN

As a result of the developmental efforts described previously a re-
evaluation of the prcduction design was conducted. Several recommended
design changes were developed and revised production cost and weight es-
timates were made,

PRODUCTION DESIGN

Figure 32 shows the key features of the production design developed
in Phase I of this study per Boeing drawing 180-54089 (see NWCTP 5705,
Volume 1).

RECOMMENDED CHANGES TO THE PRODUCTION DESIGN

Several recommended design changes were developed to further reduce
production costs without significant reduction in inlet or missile per-
formance.

The welds specified on the drawing should have optional locations
to allow fabrication of the upper half of the duct and the precompres-
sion shroud from a single sheet, as shown in Figure 31.

EXISTING DESIGN

RECOMMENDED
OPTIONAL DESIGN

Figure 31: RECOMMENDED MODIFICATION TO WELDMENT DETAIL DESIGN

The cowl 1ip area detail should be modified to simplify the inter-
section of the precompression shroud sidewalls with the cowl lip as
shown in Figure 33.




NWC TP 5705

VOLUME 2

INIOT 1708 1/

"SRNLY3IA NOISIQ TYNId : Z€ 9anbiy

V.r|/zo_hmm 12Na AL

WNINVLL
610 0L 80°0 S¥3dVl

SSINIDIHL TIWM 1ONQ WO NO

SNIAvE dil «¥#0°0

GNO¥HS NO
$3903 ONIQVY31 J¥VHS

8LL BNODNI 2170

e} 2le EL

v SONNIVY l.\
WNINVLLL 15vD Pty

pE————T T R =




' NWC TP 5705

VOLUME 2

EXISTING DESIGN
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RECOMMENDED
OPTIONAL DESIGN

Figure 33: RECOMMENDED MODIFICATION OF COWL LIP DETAIL DESIGN,
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The leading edge external chamfer detail should be changed as shown
in Figure 34. This change will allow rapid hand finishing of the sharp
leading edges on the precompression shroud without extensive metal re-

moval.

| YR-(%..‘O%';;:\.)MAX. \

10° o ¥

EXISTING DESIGN

2. 54mm FULL RADIUS

(o.OIQin.)MAx/—R OP{IONAL\
k

T 10°

B

o
6.35mm! 13 MAX,
(0.25 in.) MAX.

RECOMMENDED OPTIONAL DESIGN

Figure 34: RECOMMENDED MODIFICATION OF LEADING EDGE DESIGN
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tiffeners and

The design of the forward and aft fairings, fairing s
re 35

fairing attachment provisions should be modified as shown in Figu
to further reduce weight and costs.

EXISTING
DESIGN
7 8
RECOMMENDED
OPTIONAL
DESIGN "
===

Figure 35: RECOMMENDED MODIFICATION OF FAIRING DESIGN

39
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REVISED COST ESTIMATE

A revised production cost estimate was made based on the experience
gained in fabrication of the "production simulation" hardware and the
recommended design modifications discussed above.

The revised manufacturing plan is outlined in Table 3 and the re-
sulting production cost breakdown is outlined in Table 4.

Results show the inlets can be built for $3390 per set compared to
the original estimate of $4985.

REVISED WEIGHT ESTIMATE

= The inlet weight estimate was updated based on better definition of
details and recommended design changes. Results show the weight of the

] inlet will be 47.2 kg (104 1bs.). This weight includes the turn and

! dump section, failrings and diverter, but does not include the aerogrid,
splitter, flameholder, injectors, igniter or provisions for thelr attach-

: ment. The previous estimate used in the trade study was 48.6 kg (107

" le.).

i
1
1
)

3
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Table 3: REVISED MANUFACTURING PLAN OUTLINE FOR
PRODUCTION INLETS,

1.) FLAT PATTERNS -4 & -5

© 2.) PREFORM ON COLD DIES - HOT METAL

3.) HOT FORM CONTOUR ON INTRE GRAL HEATED INCONEL OR
STAINLESS TOOLS ‘

4.) TRIM AND WELD PREPARATION

5.) LONGITUDINAL WELD TIG WITH BACKUP - 2 PASS WELD
6.) STRESS RELIEVE WITH FIXTURE

7.) CHEM MILL EXTERNAL
8.) MACHINE DETAILS

AFT END
BLEED SLOT
ROUGH CUT LEADING EDGES

9.) CLEAN

10.) FORM AND WELD TURN AND DUMP - INCONEL 718
11.) FORWARD FAIRING AND STIFFENERS

12.) AFT FAIRING STIFFENERS AND ATTACH FITTING
13.) DIVERTER AND BLEED FLARE ANGLES

14.) AEROGRID AND SPLITTER - GFE

15.) ASSEMBLY

16.) HAND FINISH LEADING EDGES

17.) CLEAN

18.) NAME PLATE

19.) PACKAGE
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Table 4: REEVALUATED COST ESTIMATES
FOR "PRODUCTION INLETS",

10 1000
SETS SETS

MATERIALS $2,000 $1,020

TOOLING $10,430 $320

MANUFACTURING

SETUP $510 $20
RUN $5,880 $2,030
SUB TOTAL $6,390 $2,050

TOTAL © $18,820 $3,390

9 AVERAGE COST PER SET FOR 10 OR 1000 SET
PRODUCTION IN MID 1974 DOLLARS
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